We describe a method and algorithm for reducing the sensitivity of phase-shifting interferometry to external vibrations. Using an interline-transfer camera, a shutter, and a fast phase shifter, we acquire a series of paired interferograms in quadrature, with the pairs spaced to maximize residual phase-error cancellation. The rapid acquisition of quadrature pairs significantly improves resistance of interferometry to low-frequency vibrations. © 1998 Optical Society of America OCIS codes: 120.3180, 050.5080.
One of the most serious impediments to wider use and improved resolution of phase-shifting interferometry (PSI) is its sensitivity to external vibrations. The vibration sensitivity of PSI is rooted in the fundamental measurement principle, which involves a time-dependent phase shift. Most often, an electronic imaging system stores interferograms for a sequence of reference phases introduced by a mechanical transducer; then a computer recovers the original wave-front phase by analysis of the variations of intensity as a function of time. Unfortunately, other time-dependent phenomena, such as mechanical vibrations, can damage the quality of the phase reconstruction. Because of this, the technique is rarely used in a manufacturing environment in situ but is relegated to postmanufacturing inspection.
Phase-measurement errors typically manifest themselves as a periodic deformation, or ripple, at twice the frequency of the interference signal. Noting that the sign of the ripple error changes every p͞2, Schwider et al. showed that such errors could be exactly canceled by averaging the results of the two PSI channels operating in phase quadrature. 1 This concept is simple in principle but is difficult to realize in practice. Instruments capable of simultaneous phase quadrature are highly specialized and in most cases prohibitively expensive. 2, 3 Although truly simultaneous phase quadrature is a significant technical challenge, Wizinowich showed that it is possible to approach this ideal by use of a single PSI channel and a camera with an interlinetransfer architecture. 4 Wizinowich used a fast phase shifter and a 1-ms shutter to acquire a pair of interferograms on either side of the interline transfer between two camera frames, followed by a third acquisition to determine the dc term of the interference pattern. This innovative technique, known as the 2 1 1 method, demonstrably improved resistance to vibration over that of conventional PSI. However, the small number of data frames in the 2 1 1 algorithm makes it susceptible to other forms of error, such as phaseshifter nonlinearity and calibration.
We therefore propose a new method for vibrationresistant PSI that utilizes parts of Wizinowich's interline-transfer technique and incorporates phaseerror cancellation by the quadrature sampling of independent parts of the interference cycle. In its simplest form our idea is to acquire the equivalent of two PSI data channels with the same interline-transfer camera and process these data in the conventional way to extract phase information. Because the two phase calculations are nearly in quadrature, the averaged result is more resistant to vibration than conventional PSI. Our approach obviates the need for an independent dc measurement and provides signif icantly improved performance compared with the 2 1 1 approach. Because the method acquires a series of intermittent, or punctuated, phase-shifted pairs of interferograms in relative quadrature, we call it punctuated quadrature phase-shifting interferometry (PQ-PSI).
In a camera with interline-transfer architecture the area encompassed by each pixel is composed of a photosensitive region and light-shielded charge-storage and electronics regions. After photointegration by the photosensitive region, the accumulated charge is rapidly transferred by the electronics to the chargestorage region. The transfer typically takes 1 ms, whereupon the charge-storage region is read out while the photosensitive region integrates the next frame. Figure 1 illustrates the data-acquisition sequence for Fig. 1 . Timing diagrams for PQ-PSI, showing p͞2 phase intervals, camera frames, and the shutter state. Each shaded p͞2 phase interval represents half of an acquired quadpair. Phase intervals acquired in the same frame (e.g., 2 and 6) are added by the camera.
PQ-PSI. The thick vertical lines between adjacent camera frames represent the interline-transfer event, and the curve represents the shutter signal. When the shutter is high, light is being delivered to the camera; when low, the light is extinguished. The phase is varied rapidly and linearly during acquisition, and the intensity measurements are those p͞2 increments that are shaded and straddle the interline transfer. Frames 1 and 2 together form one pair of interferograms in relative quadrature, called a quadpair, and 3 and 4 form another. The total data acquisition comprises four quadpairs and f ive camera frames.
The PQ-PSI acquisition provides enough data for the equivalent of two independent calculations in phase quadrature, as can be seen from the following argument. Consider the following two phase calculations with the well-known four-frame PSI algorithm, where i n is the integrated intensity for the nth p͞2 interval:
Because the phases w 0 and w 00 are presumably identical, the numerators and denominators on the righthand sides of these two calculations are the same. The average tangent of the phase is therefore
where the integrated camera frame intensities I m are given by
The phase w, because it is the average of two phase calculations acquired at nearly the same time in phase quadrature, has a residual ripple error that is significantly less than a simple uncorrected statistical average would imply. The similarity of the form of Eq. (3) to the wellknown Schwider five-frame algorithm 1 is not just coincidental. It is easily shown that the phase-extraction algorithm for four-quadpair PQ-PSI with a quadpair separation of p͞2, so that the quadpairs overlap, is identical to the Schwider five-frame algorithm. In fact many standard PSI algorithms that utilize a p͞2 phase increment can be viewed as a series of overlapping interferogram pairs in relative quadrature. What PQ-PSI recognizes is that by acquiring these quadpairs rapidly, one can signif icantly reduce the inf luence of vibrations on the phase derivable from each quadpair.
The rms error as a function of vibrational frequency is a convenient way of characterizing the quality of a PSI algorithm. 5, 6 Figure 2 shows the ripple-error spectrum for PQ-PSI compared with those for the conventional Schwider five-frame and the Wizinowich 2 1 1 algorithms. For this comparison we assumed the same camera frame rate of 60 Hz for all three techniques and equal phase-shift rates for PQ-PSI and the 2 1 1 method. Figure 2 shows that PQ-PSI signif icantly reduces sensitivity from 0 to 60 Hz. There is a comparative increase in vibrational sensitivity at 85 Hz, at which the conventional f ive-frame algorithm actually performs better owing to the intensity integration over a full camera frame. Sacrificing highfrequency insensitivity for low often provides overall system improvement because natural sources of high- Fig. 2 . Theoretical vibration-sensitivity spectra for PQ-PSI, the traditional f ive-frame PSI, and the 2 1 1 technique for a 60-Hz camera. Fig. 3 . Experimental verif ication of improved resistance to vibration for PQ-PSI compared with the traditional fiveframe PSI. The vibrational frequency is normalized to the effective camera frame rate. Fig. 4 . Segmented phase-shift prof ile for four-quadpair PQ-PSI that provides the same performance as a linear prof ile but with reduced total phase excursion. The bold regions indicate quadpair acquisitions (see Fig. 1 ).
frequency vibration are rarer and, in the absence of resonances, vibration amplitudes are reduced owing to equipartition of energy.
We verified the reduced vibrational sensitivity of PQ-PSI experimentally, using a specialized PSI microscope. 5 For simplicity in the experimental demonstration we used a conventional 50-Hz CCD without a shutter instead of a true-transfer camera, which was not available. To simulate the data-acquisition sequence shown in Fig. 1 , we acquired a series of frames with a p͞2 phase separation between adjacent frames. We extracted specific adjacent frame pairs from this series to produce quadpairs (e.g., p͞2 intervalues 1 and 2 in Fig. 1 ) and determined the quadpair phase separation by discarding an appropriate number of intermediate frames (e.g., intervals 3, 4, and 5). A piezotransducer driven by a waveform generator provided controlled mechanical vibrations of random phase. Figure 3 compares the resulting rms ripple phase error with the predicted values for a vibrational amplitude of 0.05 rad. These data confirm the advantages of PQ-PSI in an experimental system.
The data acquisition for PQ-PSI requires p͞2 phase shifts between neighboring cells in each quadpair. In Fig. 1 we achieve this with a continuous linear phase shift, which implies an unusually long total phase excursion compared with that of conventional PSI. In principle, however, the actual phase variation between quadpair measurements is not important and can be modif ied. Figure 4 shows an alternative phaseshifting pattern that reduces the total phase excursion from 9p to 5p͞2. Such alternative phase-shifting patterns would be of interest for interference microscopes, which have a limited coherence depth.
There are many variations of PQ-PSI, all using a sequence of quadpairs to reduce vibration sensitivity while maintaining the high-quality phase estimation of traditional PSI algorithms. For example, we could construct a PQ-PSI algorithm by using a pair of interlaced three-or five-frame algorithms instead of the four-frame algorithms that lead to Eq. (3). It is also possible to shorten the time duration of the quadpair to reduce vibration sensitivity further. The price paid for all these approaches is an increase in the illumination intensity required for the same exposure, as well as a requirement for somewhat more complex hardware involving a shuttered interline-transfer camera. However, we believe that the improvement demonstrated in Figs. 2 and 3 justif ies these efforts for many important applications in which mechanical noise is a limiting factor in system performance.
